Furthermore, destroying the contingency between the tween two objects, in which an increase of the corremovements of two interacting objects can eliminate lation between their movements varied the amount of any attribution of intentionality (Bassili, 1976). But a interactivity and animacy observers attributed to them.
All other parameters of the equation were kept constant subjects had to judge how fast both objects were moving (the "speed-rating" task). across conditions. To control as much as possible the low-level stimulus characteristics across variations of the cross-correlation parameter, we created matched Results control conditions with similar but uncorrelated movements. Compared with the interactive conditions, in Behavioral Pilot A preliminary behavioral study showed that six subjects these matched control conditions the speed of both objects was identical and the average instantaneous could easily perceive the amount of goal-directed interactions in the movements of the objects in our aniseparation between the objects was closely matched ( Figures 1C and 1E) . mations ( Figure 2) , with results indicating a gradual increase in the percept of interactivity with an increase We assessed how the percept of animacy changed with respect to variations of the cross-correlation paramin the cross-correlation parameter [F(1,5) = 261, p < 0.001, repeated-measures one-way ANOVA]. On the eter and, furthermore, how changes in this parameter affected brain activity. On the basis of the neurophysiobasis of these results, four linearly spaced levels of cross-correlation were chosen for further behavioral logical and neuroimaging data mentioned above, we were expecting activation changes in the cortex surtesting and for the fMRI experiment (indicated by the inverted arrowheads in Figure 2 ). rounding the posterior part of the superior temporal sulcus. Furthermore, as the detection of animate entities can be a life-saving process when it alerts an obAnimacy Ratings Analysis of the results of the animacy-rating test perserver to the presence of prey or predators, we were interested in determining if changes in brain activity informed outside of the fMRI scanner indicated that Interactive animations (where the movements of the two obduced by variations in our parameter were automatic or task dependent. We therefore asked our participants jects were correlated) appeared more animate than the Control animations [F(1,11) = 11.3, p < 0.01; repeatedto perform two different tasks in the scanner, using the same animations. In one half of the experiment, particimeasures two-way ANOVA, within-subject factors Crosscorrelation level and Interact versus Control, betweenpants were asked to decide how much the "chasing" object tried to catch the "target" object (the "interactivsubjects factor gender] and, importantly, that animacy ratings increased more with the cross-correlation level ity-rating" task); in the other half of the experiment, to chase each other more increased the percept of animacy.
Interactivity and Speed Ratings
Analysis of participants' ratings from the interactivityrating task and the speed-rating task performed during the fMRI experiment revealed the following effects (Figures 3B and 3C ). In the Interactive trials, subjects rated the objects as increasingly interactive with increasing cross-correlation between their movements [ANOVA, F(1,11) = 502.7, p < 0.001; repeated-measures two-way ANOVA, within-subject factors Cross-correlation level and Interact versus Control]. However, subjects also considered the objects' speed to be increasing with increasing cross-correlation [F(1,11) = 446.8, p < 0.001]. be interpreted with caution, however, because the deand Table 1 ). This was tested formally with a two-way sign of the experiment was not optimized to compare interaction between a linear increase in the cross-cordirectly the two tasks with each other, but rather to test relation factor and the Interactive versus Control factor.
interactions between task and the conditions of the experiment while minimizing task-switching effects. As a consequence, each task was performed as one block, Effects of Task on Observation with only one task switch in the middle of the experiof Interacting Movements ment. Therefore, the results of a direct comparison of We found only one cluster in the whole brain that these two blocks with each other could be influenced showed significantly different activation depending on by slow changes over time, such as scanner signal drift, the task the subjects performed. This was tested in subject fatigue, or changes in concentration. Some of three different ways: these effects were probably removed during prepro-(1) The most relevant test for evaluating task effects cessing, but remaining artifactual effects might still be was the three-way interaction between Cross-correlapresent. We will therefore discuss this activation only tion level, Interactive versus Control, and interactivitybriefly. versus speed-rating task. This tested for task effects (3) Two-way interactions between Interactive versus on the response to a linear increase in interactive moControl trials and interactivity-versus speed-rating task, tion while controlling as much as possible for reand between Cross-correlation level and task type: sponses to low-level stimulus properties. This comparithese comparisons did not yield any significantly actison did not reveal any significantly activated cluster of voxels in the whole brain.
vated cluster of voxels anywhere in the brain. Significant clusters showing (1) a greater linear increase in activation with contingency in the experimental conditions than in the control conditions or (2) greater activation during the interactivity-rating task than the speed-rating task or (3) a linear increase in activation proportional to increases in object speed. All clusters survive a threshold of p < 0.05 corrected for multiple comparisons (see Experimental Procedures). L and R refer to left and right hemispheres, respectively, and pSTS and pSTG refer to posterior superior temporal sulcus and gyrus, respectively. Empty fields in the "Size" column indicate subclusters within the cluster listed immediately above in the column. , it is not clear whether (or which of) these structures respond to objective Discussion characteristics of the objects' movements that indicate they might be alive (such as parameters of self-proThis study shows that activation in the superior temporal gyrus and in the cortex surrounding the superior pelled or goal-directed motion) or whether these regions simply respond to anything that appears animate. temporal sulcus increases linearly with the interactivity between the movements of two abstract, self-propelled In our study, we selectively increased the interactivity between the movements of two abstract objects (for objects. Directing attention to the interactions rather than to their speed had no significant impact on activagraphical information on the stimuli, see Figures 1 and 6). Our results show that activation in certain parts of tion increases in the temporal cortex. These cortical structures are known to respond during observation of the superior temporal gyrus and the cortex surrounding the superior temporal sulcus increases in proportion biological motion, such as point-light walkers (Allison et al., 2000; Pelphrey et al., 2003). As this study also to the amount of interactivity. Our results further indicate that these activation increases are probably not shows that increasing interactivity between the movements of two abstract objects makes the objects apdue to differences in instantaneous separation between the objects or to differences in speed (speed increases pear more animate, this suggests a link between activation in the posterior superior temporal sulcus and gyrus induced proportional activation increases in left area MT/V5, among other regions) or to differences in eye and the detection of animate entities. Similarity between the results of the behavioral analysis and the movements. We therefore propose that our data suggest an involvement of the superior temporal sulcus refMRI data is shown in Figures 5A-5C . 
Effects of Increase in Object Speed Does the Cortex in the Superior Temporal Sulcus and Gyrus Respond to Objective Characteristics

observation of moving abstract objects interacting in
Other Regions Engaged by Interacting Objects: Fusiform Gyrus and Medial Occipital Cortex very simple ways is task independent. This could be interpreted as an automatic role of these brain regions Significant activation increases corresponding to increasing interactivity were also found in the fusiform in the detection of animate-looking motion, which is not modulated by directing attention to the movement gyrus and the medial occipital cortex. Previous studies showed activation increases in the fusiform gyrus durcharacteristics related to the percept of animacy (goaldirectedness in the objects' motion in the present ing presentation of pictures of faces ( . In a previous study using simple, abstract moving objects performing a chasing sceal., 1995). Lesions of the medial occipital lobe (particularly in the left hemisphere) are associated with a spenario, we also found differences in activation of the pSTG due to the task performed by our volunteers cific semantic knowledge deficit for animals (Nielsen,
1958; Tranel et al., 1997). As reviewed above, goal-(Schultz et al., 2004
). In this previous study, two moving objects performed a more complex chasing scenario in directed motion and self-propelled movement appear to be the main cues for the attribution of animacy to which we varied the strategy used by the chaser to catch its target. The subjects' tasks were to identify abstract objects, and our data show an association between interactivity and the percept of animacy. It is which strategy the chaser used to catch the target (either simply following the target or predicting its destherefore possible that activity in the fusiform gyrus and the medial occipital cortex increased with increasing tination) or to determine if the chase was successful or not. Stronger activation was found in the pSTG when interactivity because the moving objects appeared increasingly animate and animal-like. subjects had to identify the chaser's strategy rather than the outcome of the chase. We proposed that paying attention to the chaser's strategy cued subjects into Conclusion thinking about characteristics that are often associated Our results show that objects that appear to move in a with agents (for example, goals and ways to reach self-propelled and interactive way appear more anithem). Thinking about such characteristics could be mate with increasing goal-directed interactivity and considered a simplified form of mental state attribution, that the superior temporal gyrus and sulcus, the fusiwhich is known to induce activation in the pSTS (Frith form gyrus, and the medial occipital cortex show activand Frith, 2003). Such processes probably don't hapity varying in parallel with the amount of interactivity. pen either when judging the outcome of a chase as in This shows that one characteristic of the movements the previous study, or, as in the present study, when of animate entities can induce the percept of animacy rating how much two objects appear to chase each and can also induce activation in brain areas known other or how fast they move. Therefore, we propose to respond to biological and animate-looking motion. that the absence of task effects on pSTS activation in Interestingly, many of the brain areas isolated in the the present study is due to the fact that the tasks perpresent experiment are thought to be involved in social formed by our subjects did not differ in the amount of cognition and to constitute a "social brain" (Adolphs, mentalizing involved.
2003). Our results suggest that these regions are alWe did find a cluster of voxels in the posterior part ready involved in a very early process required for enof the anterior cingulate cortex (ACC) whose activation gaging in all social interactions: the visual identification was greater when subjects rated the interactivity of the of animate entities in the environment. objects compared to rating their speed, irrespective of In order to assess the variation of the percept of interactivity induced by variations of the correlation between the movements of the two disks, six right-handed participants watched animations Our exogenous driving terms were controlled by β = {1/7, 1/10, created with the equations of motion, using nine different, linearly 1/2, 2/3} and ω = {1/100, 1/200, 1/50, 1/40}. In this equation, x(t) are spaced levels of the cross-correlation parameter. Subjects were the coordinates of both objects, x(t − 1) are their previous coorditested with ten animations of each level of the cross-correlation nates, J is the system's Jacobian controlling the dependencies, W parameter (fully randomized design) and were asked to rate the is a constant that scales the random term ⑀(t) w N(0,⌬t) and ⌬t is amount of interactivity ("how much does the red disk appear to the time step between two successive positions. J was based on follow the blue disk?") between the two disks on a scale ranging a cross-correlation matrix containing the cross-correlation coeffifrom 1 to 9. On the basis of these results, four linearly spaced valcient ρ, which was modified across conditions and increased the ues were chosen within the tested range for the fMRI experiment amount of interactivity. This resulted in the impression of the red (indicated by the triangles in Figure 2) . ball chasing the blue ball, in a parametric fashion.
Design, Conditions, and Tasks Matched Control Conditions In this experiment, we wanted to identify regions whose responses
Increases of the cross-correlation parameter also increased the increased in relationship with the amount of interactivity. We also speed of both stimuli (speed depends on value of the cross-correwanted to test whether these activation changes happen only when lation parameter). To control for speed differences and other lowsubjects pay attention to the interactions between the objects or level characteristics of the animations due to changes of the crossalso when they perform another, incidental task. We therefore used correlation parameter, we created matched Control conditions, a factorial design with the following three factors: (1) four linearly where the interactivity between the objects was removed but the increasing levels of interactive motion, (2) two condition levels average speed of the objects and their average instantaneous sep-(Control and Interactive), and (3) two task levels (an interactivityaration were closely matched: there was no significant difference and a speed-rating task). Combinations of the first two factors rein measured speed or separation between objects relative to the sulted in eight different animation types (for samples, see Figures 1C-1E] . These in the fMRI experiment, each repeated ten times. The four levels Control stimuli were created by reversing the path of the blue obof interactivity were created by manipulating a cross-correlation ject in time, swapping the X and Y coordinates, and reversing left parameter, which controlled the dependence between object and right ( Figure 1B ). This manipulation destroyed the dependency movements. Increasing this parameter increased the objective and between the objects but retained almost exactly the same motion subjective interactivity and their speed. We therefore used a dynamics otherwise (see Figures 1C-1E ). matched Control condition for each interactivity level, in which speed was identical but interactivity was destroyed (see below). Subjects performed the two tasks on the same stimuli: in the interPulling versus Goal Directedness activity-rating task, subjects were asked "how much does the red The fact that the movements of both objects were not only deterobject follow the blue object, one being the minimum and four the mined by each other's positions but also had their own movement maximum?" In the speed-rating task, the instructions were "how characteristics reduced the impression of one object "pulling" or fast do the objects move, one being the minimum and four the "pushing" the other. The absence of a pulling or pushing motion is maximum?" They responded by pressing one of four buttons on a known to reinforce the sense of goal-directed motion (Opfer, 2002). keypad with the corresponding finger of the right hand. Ratings, Pulling and pushing can be reduced by (1) a delay between a moveeye movements, and brain activation were recorded simultaneously ment of the target and the movement of the follower and (2) the during the experiment. On these three types of dependent variable, follower changing its direction differently than the target (Opfer, we assessed the effects of interactivity and the interaction between 2002). Our stimuli conformed to both these factors and therefore task and interactivity. In addition, we assessed the effects of subincreased the impression of interactive movements. Possible conjects' task and object speed on the fMRI data.
tributions of the separation between the objects to the percept of pushing were similar in control and interactive conditions, as sepaMovement Equation ration was not found to be significantly different in these two types The equations of motion specified a time-series of positions for of condition. each object, where the new position of each object was determined by the previous position of both using a multivariate autoregressive process (MAR). The influence of the objects on one anAnimacy and Interactivity Based on previous behavioral studies, we had postulated for this other was parametrically varied according to a cross-correlation parameter, whereas the influence of previous positions of the same study that two moving abstract objects that appeared to interact with each other would appear animate and also that the stronger object was kept constant. Both objects had their own movement characteristics, such that the blue ball always moved faster than the interactivity percept would be, the more animate the objects would appear. As our parameter controlling the amount of animacy the red ball. The movement equation consisted of a set of differential equations with a cross-correlation matrix containing terms in the observed animations was relatively abstract and the stimulus development process was long and involved many steps, it was controlling the influence of each object's previous coordinate on its new coordinates (these terms were kept constant during the necessary to make sure that the final animations still appeared animate. To this end, we used the same animations as in the fMRI experiment), and terms controlling the influence of the other object's previous coordinates on the new coordinates of each object. experiment and asked 12 volunteers (6 male and 6 female, aged 23-36) who were unaware of the different experimental conditions, These equations were integrated using matrix exponentials to give a MAR time-series. The cross-correlation parameters were idenof the parameters used, and of the aim of the experiment to judge how "alive" the objects appeared, on a scale of 1 to 4. Volunteers tical for the two objects except for their opposite sign, which made one object appear as the chaser and the other as the target. To were completely free to use any movement criteria for their animacy judgement. give the objects a basic movement that appeared biological, the Eye Movement Recording and Analysis functions, then convolved by a canonical hemodynamic response function (HRF) as implemented in SPM2 (first regressor for this Subjects were allowed to move their eyes freely during the fMRI experiment. To evaluate potential confounds due to eye movement condition) and its first temporal derivative (second regressor for the condition). We also included two covariates, made by convolving differences between conditions, we recorded eye movements using an infrared eye-tracking system recording at 60 Hz (ASL the average speed of both objects during each trial with both the HRF (first covariate) and the temporal derivative of the HRF (secModel 504, Applied Science Laboratories, Bedford, MA), with remote, custom-adapted optics for use in the scanner. Reliable eye ond covariate). This enabled us to model separately the effect of the average object speed on the brain activation, which was not an tracking data throughout the whole scanning session were only available in 9 out of 12 subjects, as the remaining 3 subjects wore effect of interest in the analysis. To correct for movement-related artifacts not eliminated during realignment, differential realignment contact lenses, which created artifacts in the eye tracker. Eye blinks were removed by eliminating all differences in successive parameters were modeled as additional regressors of no interest. For each subject, linear contrasts of parameter estimates were time points more than 3 standard deviations away from the mean difference, which were replaced by the average of the positions used to assess the effects of the following factors: linear increase of the cross-correlation parameter, and the difference between Inimmediately before and after the replaced time point. To yield a measure of total eye movements for each trial, the data were mean teractive (i.e., animations with interactive motion) and Control trials (where interactive motion was destroyed). The contrasts of greatest corrected, squared, and then summed. Saccades were identified as periods of eye movements faster than 50°/s (as this value was interest were the effects of interactivity controlled for other movement characteristics (tested by the interaction between a linear chosen somewhat arbitrarily, other thresholds between 30°and 120°/s were used for the isolation of saccades and yielded similar increase in the cross-correlation parameter and Interactive versus Control trials) and the effects of performing different tasks on aniresults), and their amplitudes were calculated as the difference in eye position before and after each saccade. These amplitudes mations with increasingly interactive motion (tested by the threeway interaction between the linear increase of cross-correlation, were calculated and averaged for each condition. Total eye movements and saccade amplitudes were analyzed with the same tests Interactive versus Control trials, and interactivity-rating versus speed-rating task). as those used in the analysis of the subjects' ratings (see Results).
One-sample t tests were performed on the above contrast images to give second-level or random-effects statistical parametImage Acquisition ric maps (SPMs), after further smoothing the weighted maps by A Siemens VISION System (Siemens, Erlangen, Germany), operatconvolution with an 8 mm FWHM (full-width at half-maximum) ing at 2 Tesla, was used to acquire both T1-weighted anatomical Gaussian kernel to account for anatomical differences across subimages and gradient-echo echoplanar T2*-weighted MRI images jects. Significantly activated regions are reported in Table 1 
